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SUMMARY " " iU 


The following properties we're determined from tests on' 
duplicate longitudinal and transverse specimens, .from aluminum 
ailojr R301 sheets with nominal thi ckness es' of ,0.0-20,. 0.032, 
and’ 0 .0^4' inch: '•*•'• ‘ 

Tensile and .compressive stress— strain,, graphs and 
s tr es a-4eviat ion' '’grappa of jsheet In t he! .recondition 
t;o- & s train, of a.hout. 1 per cent V, ‘ • 


: top j. 

. I r 


' „v dr'.aphs b'fj 'ahgdiit modulus and of, pV^uced mod 
' 'tor 1 ;a ’ r'e'c.fakgulah sebti on ’ v ers us s'tra in' AiL 'compr es 

di- shbef^WWW 1 T' cWdiVior : : 2x - 


dulus 
s ion 


. _ , Tensile s tr es sr-s train. , graphs to failure 

k|C® '?.• cb.p.^’ijt jvpn,, ’ 


of sheet 


^^"Lobal eibngeti'bn ■ and el on gabion versus' gage length 
for tensile specimens from sheet in the W condition and 
in the T condition t es ted fracture 


The s tress— strain , stress-deviation, tangent— modulus, and 

s.. .. 

e 


r eduoadw* odHilus ■-:gr 4 phs :'afe~plottbd " bn-- a" &i&Siis ibhlbss has i 
to toaker-the ir esults-of i' ; limlt ed "nhin'ber of r - test s! a'pplicabl 
to mater, idle with s imilarosirSSB— strain curved" and 1 ’ 7 £ith • 
yield strengths'iwhieh' v 'diff er'-f roa ; thosh' 6 f 'the"teit : 'spebi— 
mens; An--- exdm^le.. is ?giVen -t o : illustrate how" : th$§S graphs 
may hecUs ed» yr a r :: . 7 , S -. ! r T & ■? cr.r iyo-i «■ 
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. .‘Thrfs cr epent ,ir' the^jf frst r -of 'la^ser'i^eff ipr.eVen't'ing data 
obtained on high-strength aluminum alloy r'Shept-J ■ ‘ ; The :data 
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are assembled in the form of tables and graphs similar to 
those presented for steels anc. for earlier aluminum alloys 
in reference 1 and for a magnesium alloy in reference 2. 

The gra.phs are presented in dimensionless form to make them 
applicable to specimens of these materials with yield strengths 
which differ from those of the test specimens. The scope of 
the data has been extended as compared with references 1 and 
2 to include tensile stress-strain curves to failure and 
curves of elongation as a function of gage length. The ten- 
sile stress-strain curves to failure — are useful for computa- 
tion of spring-back after forming; they also indicate to* 
some degree the ability of the material to absorb energy be- 
fore rupture. The local elongation data were included be- 
cause of their usefulness i.n computing minimum bend radii 
for forming operations, (See reference 3.) All data are 
given for duplicate specimens, 

The report gives the results of tests on aluminum alloy 
H301 sheet, in thicknesses of 0.020, 0.032, and 0.064 inch, 
supplied by Reynolds Metals Company. 

The dimensionless graphs were derived from data obtained 
in tests for the Bureau of Aeronautics, Navy Department, The 
permission of the Bureau of Aeronautics for the use of these 
data is gratefully acknowledged. The author also expresses 
his appreciation to Mr. P. L. Peach and Mrs. P. V. Jacobs, 
who assisted in the testing and in the preparation of the 
graphs. 

This investigation, oonducted at the National Bureau of 
Standards, was sponsored by and conducted with the financial 
assistance of the National Advisory Committee for Aeronautics. 


MATERIAL 


The. sheets were of Reynolds aluminum alloy R301 in the 
"W" (quenched) condition and in the 11 T (artificially aged) 
condition as furnished by the manufacturer. This alloy is 
normally supplied in the cladded form. The percentage of 
cladding on each side varies with thickness as follows* 10 
percent for sheet up to 0,024 inch thick, 7.5 percent for 
sheet 0,025 to 0,040 inch thick, 5 percent for sheet 0.041 
to 0,102 inch thick and 2.5 percent for thicker sheet. Tests 
were made on sheets nominally 0.020, 0.032, and 0,064 inch 
thick which were taken to represent sheet with cladding on 
each side amounting to 10, 7,5, and 5 percent, respectively, 
of the sheet thickness. 
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v DIMENSIONLESS GRAPHS 
Test Procedure 


Tensile tests were made on two longitudinal ( in direc- 
tion of rolling) specimens and on two transverse (across 
direction of rolling) specimens for each thickness of sheet 
in the T condition. The specimens corresponded to type 
5 specimens described in reference 4. 

The specimens were tested in a beam— and— po is e , screw- 
type. testing machine of 50— kip capacity using the 5— kip 
range.. They were held in Templin grips. The strain was 
measured with a pair of Tuckerman 1— inch optical strain gages 
attached to opposite sheet— faces of the reduced section. 

The rate of loading was about 2 ks i per minute. 

Compressive tests were made on two longitudinal and two 
transverse specimens from each sheet. The specimens were 
rectangular strips 0.50 inch wide by 2.25 inches long. 

The compressive specimens were tested between hardened 
steel bearing blocks in the subpress .described in reference 
5, in the testing machine used for the tensile tests. 

Lateral support against premature buckling was furnished by 
lubricated solid guides as described in reference 6. The 
strain was measured with a. pair of Tuckerman 1— inch optical 
strain gages attached to opposite edge— faces of the specimen. 
The rate of loading was about 2 ksi per minute. 


Test Results 

The results of the tensile and compressive tests are 
given in table 1. Each value of Young’s modulus in the 
table was taken as the slope of a least-square straight line 
fitted to the lower part of the stress— strain curve. The 
yield strengths, offset method, were obtained from the stress- 
strain curves and the experimental values of Young’s modulus. 
The yield strengths, secant method (0,7 E) and (0.85 E) , 
were obtained from the stress— strain curves and values of 
secant modulus, respectively, 0*7 and 0.85 times the ex- 
perimental values of Young’s modulus. 
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Stress- Strain Graphs 


The stress-strain graphs are plotted in dimensionless form in 
figures 1, 2, 8, 9 , 15, and 16. The coordinates a, c in these 
graphs are defined .by .... 





where 


s' 1 : stress corresponding to strain e 
s^ 0.7 E secant yield strength 

E Young 1 s modulus 


’’ ' ' ' Stress -Deviation Graphs • . 

# * 

Dimensionless stress-deviation graphs are shown in figures 3, 

4, 10, 11, 17, and 18. The ordinates are the same, as fpr the stress 
strain 1 gfaphs.' The abscissas are the corresponding values of' 

6 =■ e VtfV All the curves intersect At the point ■ 6 : * !,• 6 « 3/V, 

which corresponds to the. 0,7 E secant yield strength. This point 
is indicated' on the graphs by a short vertica.1 line. .* , . 

The graphs' were plotted on log-log paper to indicate which • 
portion ' of the stress-strain curves can be represented by the ana- 
lytical expression ‘ 


E 




given ijq, reference .7. This relationship ' holds where the plot of 
.deviation against stress on log-log 'paper "is a Straight line, for 


or 



log 'K + n log | 


log (e - o) = log h + n log <7 - ■ ■ 


The graphs indicate that the relationship holds for the cotnpre- 
sive specimens and for the longitudinal tensile specimens, for 
values of s/ft x > s 3 /s . , - where s 3 is the 0.85'E secant yield 
strength. For these, the ratios e /s zf given in table 1, 
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can "b$ used to obtain values of the shape parameter n as 
shown in’ ireffer'eace 7.- Other straight lines can "be drawn on 
these graphs from which values of k and n can he ob- 
tained for analytical expressions which fit more "closely 
other parts'"'of the s tr es s—s train graphs. 

Tangent— Modulus— S train Graphs 

D imens’ionles s tangent— modulus— strain graphs' are shown 
in figures 5, 6, 12, 13, 19, and 20. The ordinates are the 
ratios of tangent modulus S’ to Young's modulus., Bach 
value of tangent modulus was taken as the ratio of a stress 
increment to its strain increment. The abscissas were the 
mean values of £ for the strain increments. Only a few 
values of tangent modulus were computed at the upper end of 
the range used for the Young's modulus determination. 

The graphs show no evidence of a secondary modulus. 


Reduced— Modulus— S train Graphs 

Dimensionless reduced— modulus— s train graphs are shown 
in figures 7, 14, and 21. The ordinates are the ratios of 
reduced modulus for a rectangular cross section E r to 
Young's modulus, .and the abscissas are the corresponding 
values of e. The curves were derived'from the correspond— ■ 
ing tangent— modulus— strain curves using the , formula: 

; ‘ • ' E r ‘ V4E' /E . ‘ ' 

’ E ■ ' (. 1 + vte ' /E f 

'TENSILE STRESS-STRAIN, (GRAPHS "TO FAILURE 

• 1 ‘ . . ’ t . * * * 

Tensile tests to failure were made on' two longitudinal 
and two transverse specimens from sheets of each thickness 
in both the W and' T conditions. The specimens corre- 
sponded to type 5 ‘s-pecimens described in reference 4. 

The tests were made in fluid— support , Bourdon— tube 
hydraulic testing machines having Tat e— Emery load "indica- 
tors. The specimens were held in 'Templin grips. They were 
tested at a cross— head speed of about 0.1 inch per minute. 
Autographic load— ext ens ion curves were obtained with a Templin 
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type stress -strain recorder using a- Peters total elongation exten- j. 

some ter with a 2- inch gage length and a magnification factor of 20. 

Stresses based on the original cross- section and the corre- 
sponding strains based on the original gage length were determined 
from these carves . The data for the portion at and beyond the knee 
of each curve were combined with corresponding stress-strain data 
on duplicate specimens on which strain 1 had been measured with 
Tuckerman optical strain gages. 

The resulting stress-strain curves are shown in- figures 34 to 
36. Values .of tensile strength and elongation in 2 inches are- 
given in the tables accompanying each figure. The values of elon- 
gation usually corresponded to -a strain of about 0.006 less than " 

the maximum recorded strain under load. " 1 * ■ 1? ’’ 

.* ■ . -\ : * r t. if 'r 

.j k v’ 

LOCAL ELONGATION GRAPHS 
Procedure 


Photogrid measurements (reference 8) were made on two longi- 
tudinal and two transverse" tensile specimens’ from sheets of each ' _ 
thickness in both the W and T. conditions i The specimens cbr’re- . f ‘ 
sponded to type 5 'specimens described in reference 4. 

A- -grid was photographed ' on one aide' of each specimen. The 
negative _wa a made from a -master grid ruled at the National Bureau " 
of Standards. The grid spacing was 0.250 millimeter (approx. 

0.01 in.). The width of the lines was about 0.015 millimeter. A 
survey of a photographic negative obtained from the master grid 
indicated that the spacing 1 . Of lines was constant within ±0.003 milli- 
meter or within ±1,2 percent. In the middle region where readings 
on the' specimen were taken at each line, the spacing was constant 
within ±1 percent .<Vi A- . Survey ’of- the’ -photo grid on- a- specimen indi- 
cated that-the constancy of spacing was of the same order. 

Some . of the ^specimens- -were -coated vwith" photoengraving glue,' 1 
but -most' o.f .them ■were coated- -with cold: top: enamel. The ‘-'latter 
seemed- to -be- less, critical 1 to exposure " time and ghve 1 prints- which’ ' 
v/ere usually- easier: tc? measure 1 - near- -the fracture- than wef'e' the ’ 1 : ■ 

prints obtained with the glue. 
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' ' -The' -s jf&’airt eh's weir'e held *1 h. T^mplih, grips' and’ were . > 
f ractur ed' in 'h ^test-'ih'g'ma'clfine' 'at' a j&cs's'’— head speed of abojit 
0.1 inch per minute. 

Measurements of grid spurning along a longitudinal line 
were made on the fractured specimens. In order to obtain 
accurate measurements at the fracture a line was chosen 
which was cr o-sse d- hy^ *feh e , ’forac-iur e -as:' nearly ‘at right angles . 
as possible i,n'x th,e. t md-ddl-e third' of the spacing" between Wo* ■’ 
adjacent . linep r »->. } V$.ey;e <.the •£ rac.turje.-: whs intersected- by a !:;i: ■ 
r egion in . which , .no^J.c;e u a-b'l’e ne eking.'? had ■ thken plac-e, the l’ln'fe 
was chosen t o;, pas s a through- the intersection. Usually the' - ^ 
line was ne^r , the., -middle. of t he sp e-e.imen'j • it was in ho cas ; e 
less than 0,-ii jn.ch .from an. edge?- - , .* : • ’ i ■ 

■ ; i.n.2 /Vi* v " . 

The measurements;; of gr id ■ spac ing 'wer e made with a*2eisb . 
measuring mi cr os cope., at a .magnificat ion of • B6 diameters i , ‘"The 
ins trument was ijgf^d.*; to •• 0.001, millimeter ( 0 ;-l • divisibn'oh th8 

barrel). „ , •. • • ’ • " : •• 

Ihe spe qimen-,. was ^alined -pistrsHlel with i'b'hO 'iicfoiffet er 
screw of the miqr esqojpe i .-Jieadittgd .wer-'e taken along the 
s elect.ed ..linq ...at the -.edges .pfi :tha fracture, at each int'hr— * 
section if o"r abOTiit-. 20 ..spaces ' of the fracture and ; 

from the\.e !.o,n at tint qrvalsr ;q£.' f usit fafcesvti,' 10 spaces to t-he 
ends of the gage length. At least ‘t w-o’-r eadings were made f at 
each place. At the fracture and throughout the region of 
apprec.ip.tjl.a- nechlng duplicate r e a*d-i irg s’ - w ; er*e made by two 
indep ; en^Antj TObs^yep.s . . -.The nominalr spacing' baf-or e appl'ica— ’* 
tion ( of load, w^.s. s-ubtrac-ted. -fr om; the lengths • thus determined - ' 
to obtain the lopal,- ©lo-ngat'iojns • •tv- i ‘v : *• adv * ' : 

..... -iO ft .* c h-* . _• . =‘ : . . 

. , r • >. 1.0 cal, El ongat'-lom -Graph's 

W. , : l «•; i * . ^ * •» ' _**' , 'jj 

The. lo cai. elongations , ,i»-..peru3en;t ; -of t he- or iginal ‘spacing 
plotted agains t- the- d ; is tanicb ' hef orb. :t-eat S t'bjt'’ ohe ■ end of ' the 
gage length, are shown in- f igut e-s-.v22f; §4'{ J S€ f , 'B-6 \ \?b, and’32. 

, • • , :. ; . ; rrol •? -{ i It ' ■ 

The fra.cture in each case occurred in the grid spacing 
in which the greatest e longat J,pn...t ook place. 


- ■ Elongation r e^su8°<^Sge’"li , ehgth' Crawls 


:: ■> v t • 


The elongat ions ' in perceri^ ^ bf ih.k' or tginal ” gage length 


were computed for various gage 1 engths he. locp,l elonga- 

tion data; “^These values are ? '^l ! cft^e& ajgains £ ’ gage length in 
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figures 23, 25, 27, 29, 31, and 33, The gage lengths were 
plotted to a logarithmic ,9 oa.l e to, pr es ent a large range of 
values on a single graph. ' . ' - f“ 

DISCUSSION 

• i * - : ' , _ , 

The dimensionless stress— strain graphs £ or .[specimens 
taken in th^’ same direction in the sheet an& for. the aame 
kind of loading fell within narrow bands (figs, 37 and 38), 
even though the various sheets differed in percentage of 
cladding and ‘ differed in yield str engtli.. v.p f to„5 a /s percent. 
The maximum width of band in terms of a was, 0,013 in 
tension and 0.022 in compression. While part ‘ of .this spread 
may be attributed to experimental variations, most of it was 
due to differences in shape between the graphs for' the Vari- 
ous sheets. Stress— strain graphs of the ^ame s.h.apo, or lin- 
early affine stress— strain graphs,; should form. common 
curve when' plotted as or versus ; e. . ' 

The limits within which the curves shown in the o'oc- ' r "' 
press ive tangent— modulus— s train graphs (figp., 5, 6, 12, 13, 
19, and 20) fell are shown, in figure 39; similar graphs for 
reduced modulus for. a- / re ct angular section are s.howiV-Tln fig- 
ure 40. The 'maximum s~pr add . in' valu es of E* /£ or of E r /E 
for any of 'the ^bands' -was -0,064. , ■ . 

It should be noted that each set of maximum and minimum 
values shown is based --on'. tests of -6 specimens. It is likely 
that tests on a much larger number of specimens would give 
stress- etrain graphs differing sufficiently from these in .. 
shape to cause the bands to be somewhat wider. 

Th«F graphs of figures 37 to 40 are useful for estimat- 
ing values of stress, strain, tangent modulus, and reduced 
modulus, for E301—T sheet between 0,020 and 0.064 inch in 
thickness, for which Young^s modulus.and tty.e . p ecant yield 
strength' in the desired direction are given, ; This is illus- 
trated in detail by the following example, . . , 

' EXAMP'^SJ ' 

Given 0.051 inch R301—T sheet with a Young's modulus 
for longitudinal t ens ion E - 10,500 ks i 

-for longitudinal compression E = 10,750 ksi 

. A . 

and with a 0,7 E secant yield strength • > 
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for . ;; s»i =---62 . 0 ksi 

f.’. ? r. 3 f .% A * •■ - , ~ 

for longitudinal compress ion •, s a = 61..5 kB i 


Estimate longitudinal tensile and compressive strain 
and longi tudina^.. .tfangbnt ^q^ulua and reduced modulus in 
compression for a stress ’ "s " = 55 ksi. 


The stress s 


55 ks i 


• f. A * - *J 

corresponds to 


values of 



Longitudinal 


,:.A) 

t ens ion 


= s/t 


55.0/62.0 = 0.887 


Longitudinal compression a = s /s j ' '55-.’0 ; /61 n . 5‘ = 0 . 894- 


The corresponding values of e should lie inside the hori- 
zontally hatched bands of figures 3?.. and' 38V This gives ^ 




a 

e 

min e max 

c av 

Longitudinal 

t ens ion 

0.887 

0 

.940 0.946 

0.9 43 

Longitudinal 

compression 

.894 


.970 1.015 

.992 

The strains are related to 

e 

t>y 


Longitudinal 

t ens ion 

e = s 

/E 

= 62.0 e/l0500 = 

0 . 0059 Oe 

Longitudinal 

compress ion 

e = S 2 . € 

/E 

= 61.5e/l0750 = 

0.00672c 

Subst itut ing 

the above values of 

e 

in these relations gives 



e m in 


e max 

e av 

Longitudinal 

t ens ion 

0.00555 

0.00558 

0.00556 

Longitudinal 

compress ion 

.00555 

.00580 

,00567 

The tangent modulus and reduced modulus ratios 
by the horizontally hatched bands in figures 39 and 
the above average value of e : 

are given 
40. With 



€ ( E» 

/E) aln 

(E'/E) av 

Longitudinal 

compres s ion 

0.992 


0.43 0.47 

0.45 


E ( s r/*)„ ln (Sr/ 1 )*,.* 


Longitudinal compression 


0,992 


0.62 


0,66 


0.64 
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a 
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Figure 1. Dimensionless stress-strain graphs, aluminum alloy B301-T, 
longitudinal specimens 0.020 in. thick. 
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Figure 2. Dimensionless stress-strain graph* , aluminum alloy H301-T, 
transverse specimens 0.020 in. thick. 
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Figure 3. Dimensionless stress-deviation graphs, aluminum alloy 
B301-T, longitudinal specimens 0.020 in. thick. 

E is Toung's modulus, kips/in. 2 
s t is secant yield strength (0.7 E) , kips/ in. 2 
s 2 is secant yield strength (0.86 E) , kips/in. 



Figure 4. Dimensionless stress-deviation graphs, aluminum alloy 
2301-1, transverse specimens 0.020 in. thick. 

E is Toung’s modulus, kips/in. 2 
s A is secant yield strength (0.7 E) , kips/in. 2 
s 2 is secant yield strength (0.85 E) , kips/in. 2 
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Figs. 5,6,7 


Figure 5. Dimensionless compressive 
tangent modulus-strain graphs 

Aluminum alloy R301-T sheet , 

, longitudinal specimens, 
i 0.020 in. thick. 
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Figure 6. Dimensionless compressive 
tangent modulus-strain graphs 

Aluminum alloy B301-T sheet, 

. transverse specimens , 

' 0.020 in. thick. 


Figure 7. Dimensionless compressive 
reduced modulus- strain curves 

(for rectangular sections) . 

Aluminum alloy E301-T sheet, 

i i 0.020 in. thick. 
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Figure 9. Dimensionleas stre»B-»train graphs, aluminum alloy H301-T, 
tranaverse specimens 0.032 In. thick. 
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Figure 10. Dimensionless stress-deviation graphs, aluminum alloy 
B301-T, longitudinal specimens 0.032 in. thick. 

1 is Toung* s modulus, kips/ in. 001 2 
Sj is secant yield strength (0,7 s) , kips/in. 2 
s 2 is secant yield strength (0.85 I), kips/in 2 
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Figure 11. Dimensionless stress-deviation graphs, aluminum alloy 
S301-T, transverse specimens 0.032 in. thick. 

£ is Young's modulus, kips/in 2 
Sj^ is secant yield strength (0,7 E) , kips/in 2 
s 2 is secant yield strength (0.85 E) , kips/in. 2 
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Figure 13. Dimensionless compressive. 
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Figure 15. DimonaionleBB etresB-strain grapha , aluminum alloy H301-T, 
longitudinal specimens 0.064 in. thick. 
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Figure 16. Dimensionless stress-strain graphs, aluminum alloy H301-T, 


transverse specimens 0,064 in, thick. 
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Figure 17. Dimensionless stress-deviation graphs, aluminum alloy 
B301-T, longitudinal specimens 0.064 in. thick. 

X is Young 4 s modulus, kips/in. 
s t is secant yield strength (0.7 X) , kips/in. 2 
s 2 is secant yield strength (0.85 X) , kips/in. 
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Figure 18. Dimensionless stress-deviation graphs, aluminum alloy 
B301-T, transverse specimens 0.064 in. thick. 

E is Young 4 s modulus, kips/in. 2 
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Figure 19. Dimensionless compressive 
tangent modulus-strain graphs. 

Aluminum alloy B301-T sheet, 

longitudinal specimens, 
j_ 0.064 in. thick. 
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Figure 22. Local elocution, aluminum alloy E301-W sheet, 

0.020 in. thick. 
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Figure 23. Elongati on vs gage length, aluminum alloy H301-W 

sheet, 0.020 in. thick. 
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Figure 24. Local elongation, aluminum alloy B301-T sheet, 

0.020 in. thick. 
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Figure 25. Elongation rs gage length, aluminum alloy B301-T 

sheet, 0.020 in. thick. 
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Figure 26. local elongation, aluminum alloy B301-W sheet, 

0.032 in. thick. 
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Figure 27. Elongation vs gage length, aluminum alloy R301-W 

sheet, 0.032 in. thick. 
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Figure 28. Local elongation, aluminum alloy R301-T sheet, 

0.032 in. thick. 
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Figure 29. Elongation vs gage length, aluminum alloy B301-T 

sheet, 0.032 in, thick. 
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Figure 30. 'local elongation, aluminum alloy R301-W sheet , 

0.064 in. thick;. 
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Figure 31. Elongation vs gage length, aluminum alloy E301-W 

sheet, 0.064 in. thick. 
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Figure 32. Local elongation, aluminum alloy R301-T sheet 

0.064 in. thick. 
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Figure 33. Elongation vs gage length, aluminum alloy R301-T 

sheet, 0.064 in. thick. 
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Figure 34. Tensile stress-strain corves to failure ^ thickness of sheet 0.020 in. 
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figure 35. Tensile stress-strain curves to failure-, thickness 


of sheet 0.032 in. 
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Figure 36. Tensile stress-strain curve a to failure, thickness of sheet 0.064 In. 
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Figure 37. Limits of dimensionless tensile stress-strain graphs, aluminum alloy 2301-1 

sheets 0.020, 0.032 and 0.064 in. thick, 
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Figs. 39,40 



modulus- strain graphs, aluminum alloy H301-T 
sheets 0.020, 0.032 and 0.064 in. thick. 
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Figure 40. limits of dimensionless reduced-modulus-strain 
graphs for rectangular sections, aluminum alloy 
R301-T sheets 0.020 , 0.032 and 0.064 in. thick. 
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